culture medium. It is now realized that arylsulphatase can be produced in the absence of tyramine if a non-repressor sulphur compound is used as the sulphur source, and that the enzyme can also be formed with repressor sulphate sources if tyramine is included. Sulphur sources intermediate in the assimilation of sulphate to cysteine thus repress arylsulphatase synthesis whereas tyramine relieves the repression. The experiments on competitive metabolism with different sulphur sources in the presence and absence of tyramine suggest that the tyramine is an actual inducer and that it does not act by changing the sulphate assimilation pathway. Synthesis of arylsulphatase is produced by adding tyramine to cell suspensions and this synthesis is inhibited by chloramphenicol and puromycin without any lag (T. Harada, unpublished work). Tyramine, which is widely distributed in Nature, is a possible product of, arylsulphatase action and can be catabolized by micro-organisms. It is not clear why the induction effect is specific to tyramine since other aryl compounds, e.g. phydroxybenzoic acid, can be products of arylsulphatase action and can be dissimilated but do not act as inducers. SUMMARY 1. Aerobacter aerogene8, ATCC 9621, synthesized arylsulphatase when grown on media containing methionine, taurine, cysteate or choline sulphate as the sulphur source, but enzyme synthesis was repressed when sulphate, sulphite, thiosulphate, cysteine-S-sulphonate or cysteine was present either as the sole sulphur source or in addition to taurine or methionine.
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incorporation. It is shown that these changes are largely extramitochondrial, in keeping with the extramitochondrial distribution of the citratecleavage enzyme (Srere, 1959) .
METHODS
Preparation ofsubcellularfraction8. A rat liver was passed through a Fisher mincer. This served to remove much of the connective tissue. The resulting mince was homogenized in 0-25M-sucrose (1:3, w/v) in a Tenbroeck homogenizer (Kontes Glass Co., Vineland, N.J., U.S.A.), which was slowly moved up and down by hand several times. Mitochondria were then prepared by using the centrifugation speeds recommended by Myers & Slater (1957) . The mitochondria were washed twice by resuspension in 0-25M-sucrose and centrifuged again. After the last centrifugation the mitochondrial pellet was suspended in about 3 ml. of water. The supernatant fluid remaining after first centrifuging down the mitochondria was centrifuged at 30 000 rev./min. in rotor no. 30 of the Spinco model L centrifuge for 30 min. The clear liquid was withdrawn. It is subsequently referred to as the high-speed supernatant fluid. The residue obtained from this centrifugation was resuspended in the original volume of 0-25M-sucrose with the aid of a Tenbroeck homogenizer. This suspension was centrifuged again at 30 000 rev./min. for 30 min. The supernatant fluid was discarded and the residue was suspended in an amount of water equal to the original volume of 0-25M-sucrose used to prepare the suspension. The resulting particles are subsequently referred to as microsomes. In animals that had been starved and then re-fed, the microsomes sedimented above a large pellet of glycogen. After removal of the highspeed supernatant fluid, the microsomes were readily separated from the glycogen pellet as follows. Fresh sucrose solution was added and the tube was swirled gently with a circular motion until the microsomes, but not the glycogen, had become dislodged. The suspension of microsomes was then decanted carefully and dispersed with a homogenizer. After centrifuging this suspension only a very small glycogen pellet was observed below the microsomes. The microsomes were removed as before and dispersed in water.
Mammary glands from lactating rats were placed in icecold 0-25M-sucrose and washed several times with this solution. The washed glands were drained and then divided finely on a Mcllwain tissue chopper (Mcllwain & Buddle, 1953) . The chopped material was suspended in 0-25M-sucrose (1:3, w/v), and sedimented in a hand-operated centrifuge. It was resuspended in sucrose and homogenized with a tapered glass homogenizer, driven at about 250 rev./ min. for 1 min. The fractionation of the resulting homogenate was as described above. After the first high-speed centrifugation, the surface of the liquid in each tube was covered with a dense layer of white fatty material. A drawn-out pipette was carefully inserted through the white surface layer and the clear supernatant liquid was withdrawn, care being taken not to disturb the particulate layer in the bottom of the tube and the fatty layer at the top of the tube. A little liquid was left behind to avoid disturbing the particulate layer. This liquid was decanted carefully and discarded, and the white fatty layer, which now stuck to the side of the centrifuge tube, was removed by carefully wiping the walls of the tube several times with paper tissue. The residue was resuspended in sucrose with the aid of a Tenbroeck homogenizer, and washed by centrifugation as for the preparation of liver microsomes.
Mitochondria do not lose their soluble enzymes when prepared as described above. This was checked by measuring intra-and extra-mitochondrial isocitrate-dehydrogenase activities (Ochoa, 1955) . Results obtained with several preparations from liver of normal rats fed on laboratory chow and from lactating mammary gland of rats are shown in Table 1 . The mitochondria did not develop their full isocitrate-dehydrogenase activity until they had been suspended in water for several minutes. The particulate fractions were examined for purity and structure by electron microscopy. For this purpose the particles were suspended in ice-cold 0-25M-sucrose instead of water. The suspension was mixed with an equal volume of an ice-cold solution containing 2 % of osmium tetroxide, 40 mM-tris buffer, pH 7-4, and 0-25M-sucrose. The suspension was centrifuged after 20 min. The particles were dehydrated with increasing concentrations of ethanol, followed by propylene glycol, and were embedded in Maraglas 655 according to the procedure described by Freeman & Spurlock (1962) . Sections were stained with a saturated solution of uranyl acetate in 30 % ethanol for 4 hr. The sections were examined with a RCA type EMU-3 electron microscope at magnifications ranging from x 1500 to x 30 000. Mitochondria prepared from liver and lactating mammary gland were mainly oval in shape and were relatively free from contaminating elements. Membranes surrounding the mitochondria could be clearly distinguished and appeared undamaged. The cristae appeared distorted (Watson & Siekevitz, 1956 ). Microsomes prepared from both tissues appeared mainly as roughsurfaced vesicles, which indicates that they were fragments Table 1 . Intra-and extra-mitochondrial i8ocitrate-dehydrogenase activities of preparations of liver and lactating mammary gland
The reaction mixture contained 33 mm-tris-HCl buffer, pH 7-5, 1 mM-MnSO4, 1 mM-sodium DL-isocitrate, 0-1 mM-NADP, 1 mM-KCN and the cell fraction indicated. The reaction was started by the addition of NADP and was run at 200 in a spectrophotometer cell with light-path 1 cm. The rate of reduction of NADP was measured at 340 m,u. Each tissue fraction was run at three different protein concentrations to ensure proportionality between protein concentration and rate of reaction. Vol. 93 379 of the endoplasmic reticulum. Separate clusters of small dense particles, probably ribosomes, could also be distinguished. The fraction appeared free of mitochondria (Palade & Siekevitz, 1956 ). Other methods. Animals were maintained on a diet of Wayne Lab Blox (Allied Mills Inc., Chicago). During starvation animals were deprived of food but not water. Starved animals were re-fed with a high-carbohydrate diet. The rats were found to prefer white bread to synthetically prepared diets. White bread was used in all the re-feeding experiments reported here. Lactating rats were used between the tenth and fifteenth days of lactation. Other materials and methods as well as the calculations appertaining to precursor incorporation were as described by Spencer & Lowenstein (1962) except that all incubations were in a final volume of 1-0 ml. at 380 for 30 min. In representative experiments precursor incorporation into both saponifiable and non-saponifiable fractions was examined. Unless otherwise indicated, incorporation into non-saponifiable fractions was less than 1 % of the total. Protein was determined by the method of Lowry, Rosebrough, Farr & Randall (1951 (Chaikoff, 1953; Tepperman & Tepperman, 1958; Emerson, Bernards & Van Bruggen, 1959; Matthes, Abraham & Chaikoff, 1960; Fritz, 1961; Numa, Matsuhashi & Lynen, 1961; Masoro, Korchak & Porter, 1962) . Table 2 (Table 2 ). This is in harmony with the distribution of the citrate-cleavage enzyme (Srere, 1959) .
Incorporation of acetate by high-speed supernatant fluid follows the pattern observed by previous workers, and is here given mainly for comparison. However, except in the starved animals, the rates of citrate incorporation are much greater than those of acetate incorporation.
The ratio of citrate to acetate incorporation by high-speed supernatant fluid drops from approximately 10 for normal animals, or animals starved for 24 hr., to 1 for animals starved for 48 hr. On refeeding for 24 or 42 hr. the ratio returns to between 7 and 8. On longer re-feeding it rises rapidly to reach values between 27 and 112. The penultimate column of Table 2 shows the rate of citrate plus acetate incorporation for the amount of high-speed supernatant fluid and of mitochondrial protein in 1 g. of fresh tissue. The conversion factors used in the calculations were 103 mg. of high-speed supernatant protein and 53 mg. of mitochondrial protein/ g. of fresh tissue. The choice of these figures is dealt with below. The calculations indicate that in liver of normal and starved rats more than 90 % of the total precursor incorporation occurs in the extramitochondrial part of the cell. In animals that have been starved and re-fed this figure rises to more than 97 %.
Effect of micro8omeM. It has been reported that microsomes stimulate (Matthes et al. 1960; Lachance, Popjak & de Waard, 1958; Bortz, Abraham, Chaikoff & Dozier, 1962; Abraham, Matthes & Chaikoff, 1963) , have no effect on (Dituri, Shaw, Warms & Gurin, 1957; Langdon, 1957) and inhibit (Masoro et al. 1962; Masoro & Porter, 1960; Dils & Popjak, 1962) fatty acid synthesis by high-speed supernatant fluid. The inhibitory effect was reported to be especially pronounced when the microsomes were derived from starved animals (Masoro et al. 1962; Masoro & Porter, 1960) . Since this matter did not appear to be settled, the effect of microsomes from normal, starved, and starved and re-fed animals was studied. In the normal animals, low concentrations of microsomes (0.18 and 0-36 mg. of microsomal protein/nl.) have little or no effect on the incorporation of citrate by high-speed supernatant fluid (Fig. 2, curve a) . As larger amounts of microsomes are added there is a stimulation of citrate incorporation. At a microsomal protein concentration of 2-8 mg./ml. there is a 2-2-fold stimulation of citrate incorporation over the control containing no microsomes. The microsomes also have a stimulating effect on the incorporation of citrate by preparations from animals that have been starved for 24 hr. (Fig. 2, curve b) . The largest stimulation obtained is again about twofold. In preparations from animals that have been starved for 48 hr. the rate of citrate incorporation by highspeed supernatant fluid is quite low and the stimulating effect of microsomes is only about 1-4-fold (Fig. 2, curve c) . With high-speed supernatant fluid from animals that have been starved and refed the situation is similar to that found for preparations from normal animals, except that the rates of citrate incorporation are higher. In a preparation from an animal that has been starved for 48 hr. and re-fed for 48 hr. the addition of 1-4 mg. of microsomal protein/ml. results in a twofold stimulation of citrate incorporation (Fig. 3, curve b) . In a preparation from an animal that has been starved for 48 hr. and re-fed for 72 hr. a similar increase is observed (Fig. 3, curve c) . Table 2 ).
The microsomal fraction alone catalyses little incorporation of citrate or acetate (Table 3) . Of this incorporation about half is into non-saponifiable material. The microsomal fraction used for the experiment shown in Table 3 shows a 3-7-fold stimulation of citrate incorporation by high-speed supernatant fluid. This was the highest microsomal stimulation encountered in the present series of experiments. On the other hand, the microsomes show no stimulation of precursor incorporation by mitochondria, the incorporation by the combined particulate fractions being approximately additive with citrate, and much less than additive with acetate. This indicates that precursor incorporation by mitochondria alone was not due to contamination by high-speed supernatant, for had this been the case then this incorporation would have been stimulated by the addition of microsomes. Lastly, the high-speed supernatant fluid shows no stimulation by the mitochondrial fraction (Table 3) .
The effect of microsomes has not been taken into account in Table 2 . If this is done an even greater percentage of citrate and acetate incorporation into fatty acids is seen to occur in the extramitochondrial, as compared with the intramitochondrial, compartment of the liver cell than is shown in Table 2 .
After this phase of our work was completed a paper (Abraham et al. 1963) catalyse a slow synthesis of fatty acids from acetylCoA and malonyl-CoA (Wakil, McLain & Warshaw, 1960) . This activity is lost on dialysis and can be partially restored with pyridoxal phosphate. Certain other substances were also reported to stimulate the mitochondrial system (Wakil, 1961 mitochondria the rate of citrate incorporation is 0-15 mg. of protein/ml. fatty acid synthesis is slower than that of acetate. In two of the three stimulated. A maximum is reached between 0-3 experiments shown in Table 4 incorporation of and 0-5 mg. of microsomal protein/ml. At this citrate by the mitochondria is so slow as to be on point the two rates are 380 and 620,Pm-moles/mg. the borderline of detection at the specific radio-of high-speed supernatant protein/hr. respectively. activity of the citrate used in these experiments. The corresponding values per high-speed superThe penultimate colunm of Table 4 . calculations indicate that between 99-6 and 99-8 % The highest value of citrate incorporation of the total fatty acid synthesis in lactating mam-obtained so far is 1305,um-moles/mg. of high-speed mary gland of rat occurs in the extramitochondrial supernatant protein/hr. This corresponds to part of the cell.
136,umoles/high-speed supernatant protein in 1 g. Fig. 4 shows the effect of microsomes on the of whole tissue/hr. A microsomal concentration incorporation of citrate by high-speed supernatant curve was not run in this experiment. fluid of lactating mammary gland. In the absence Extramitochondrial non-particulate protein conof microsomes the two rates of incorporation are 308 tent of liver and mammary gland of rat. To convert and 421 pm-moles/mg. of high-speed supernatant the rates of fatty acid synthesis/mg. of high-speed protein/hr. Low concentrations of microsomes supernatant fluid or mitochondrial protein into (0-1Img. of protein/ml.) have little effect on, or equivalent rates per g. of whole tissue it is necesslightly inhibit, fatty acid synthesis. When the sary to know the total amount of these cell fractions concentration of microsomes is increased above per g. of tissue. Since the major part of precursor incorporation into fatty acids in liver and mammary gland occurs in the high-speed supernatant occurs in the mitochondria (Tables 2-4) , these Microsomal protein added (mg./ml.) values were not determined experimentally. By using a total protein concentration for rat liver of Planterose (1958) . This amounts to 28 mg. of protein/g. of fresh tissue on the eighteenth day of lactation (Slater & Planterose, 1958) .
DISCUSSION
Although it is of interest that mitochondria are capable of incorporating precursors into fatty acids, it is clear from the data in Tables 2-4 and Figs. 1-4 that the extramitochondrial enzymes do so far more rapidly than the intramitochondrial enzymes. This is not in harmony with the conclusion that fatty acid synthesis is mainly an intramitochondrial process (Hulsmann, 1960 (Hulsmann, , 1962a Christ & Hiilsmann, 1962) . It hasbeen argued that fatty acid synthesis by high-speed supernatant enzymes is an artifact due to the loss of soluble enzymes from the mitochondria (Hiilsmann, 1962 a; Catravas & Anker, 1958) . Mitochondria prepared in ice-cold 0-25M-sucrose retain their complement of nicotinamide nucleotides through more than two washes (Purvis & Lowenstein, 1961) . They also retain their compliment of the soluble intramitochondrial isocitrate dehydrogenase (Table 1) . It is therefore unlikely that they lose the enzymes of fatty acid synthesis.
The amount of citrate incorporation by mitochondria is so small ( Table 2) that it may be due to a small degree of contamination of the mitochondria by high-speed supernatant fluid. This explanation is rendered less likely by the observation that incorporation by mitochondria is not stimulated by the addition of microsomes (Table 3) . It is unlikely that the mitochondrial incorporation of acetate is largely due to cytoplasmic contamination because the ratios of the rates of citrate and acetate incorporation are entirely different in the two cell fractions (Table 2) .
Most acetyl-CoA produced in the degradation of foods arises in the mitochondria (Krebs & Lowenstein, 1960) . The acetyl group of intramitochondrial acetyl-CoA must therefore be transferred into the extramitochondrial compartment of the cell before fatty acid synthesis by the extramitochondrial enzyme system can take place. In previous papers it was pointed out that the rate of diffusion of acetyl-CoA out of the mitochondria is probably too slow to account for the rates of fatty acid synthesis that are observed in vivo and in tissue slices. Other pathways by which the acetyl group of intramitochondrial acetyl-CoA can get out ofthe mitochondria were therefore proposed (Kallen & Lowenstein, 1962; Spencer & Lowenstein, 1962; Srere & Bhaduri, 1962; Bhaduri & Srere, 1963) . One involves the hydrolysis of intramitochondrial acetyl-CoA to acetate and CoA, the diffusion of acetate across the mitochondrial membrane and the reactivation of acetate to acetyl-CoA by the extramitochondrial acetate-activating reaction. A second pathway involves the condensation of intramitochondrial acetyl-CoA with oxaloacetate to yield citrate, the diffusion of citrate out of the mitochondria and the cleavage of citrate to acetylCoA and oxaloacetate by the extramitochondrial citrate-cleavage reaction. This paper provides a partial evaluation of the relative contributions made by these two routes.
The ratios of citrate incorporation to acetate incorporation in liver indicate that the major route to fatty acid synthesis is likely to be the citrate pathway. There is a remarkable increase in the ratio of citrate to acetate incorporation when the liver undergoes a burst of fatty acid synthesis, and in extreme cases this ratio can exceed 100. This means that citrate incorporation increases much more rapidly than the well-known increase in acetate incorporation (Chaikoff, 1953; Fritz, 1961; Tepperman & Tepperman, 1958; Numa et al. 1961; Masoro et al. 1962) .
The ratio of citrate to acetate incorporation into fatty acids by high-speed supernatant fluid prepared from lactating mammary gland of rat is between 3 and 4. Thus the citrate pathway is also likely to be the major route in mammary gland, but the acetate route may play a relatively more important part in this tissue than in liver. In ruminants acetate incorporation probably plays a dominant role (Folley, 1956, p. 103) . However, the chief source of acetate in these animals is almost certainly the rumen, and not intramitochondrial acetyl-CoA.
An attempt will now be made to correlate the rates of citrate and acetate incorporation by cellfree preparations with the rate of fatty acid synthesis that occurs in the intact tissue. Labelling experiments show the half-life of fatty acids in liver to be approximately 46 hr. (Stetten & Boxer, 1944; Pihl, Bloch & Anker, 1950) . The fatty acid content of normal liver is between 24 and 34 mg./g. of liver (Elwood & Van Bruggen, 1958; Deuel, Gulick, Grunewald & Cutler, 1934) . If the average chain length of fatty acids in liver fat is 16, the fatty acid content is equivalent to between 650 and 950 ,umoles of acetyl groups/g. of liver. Substituting 46 hr. in the expression k = ln 2/ti a rate of 1*5 %/ hr. is obtained. This is equivalent to between 9 and 14,umoles of acetyl groups incorporated/g. of liver/ hr. These must be maximum rates, since the halflife of the fatty acids in liver is a reflexion not only of synthesis and breakdown of fatty acids in the liver but also of transport of fatty acids and fats to and from the liver.
Experiments with liver slices also provide a useful clue to the rates of fatty acid synthesis that occur in the intact liver (Medes, Thomas & Weinhouse, 1952) . It is striking that the rates of glucose incorporation greatly exceed the reported rates of acetate incorporation. Typical rates of glucose incorporation are 6-12,tmoles of acetyl equivalents incorporated/g. of liver/hr. (Chernick & Chaikoff, 1950) . The actual rates of glucose incorporation may have been somewhat higher since no account was taken of the incorporation of hexose from the glycogen stores. Typical rates of acetate incorporation are 1-22,m-moles/g. of liver/hr. (Masoro et al. 1962; Elwood & Van Bruggen, 1958; Chernick & Chaikoff, 1950; Lowenstein, 1961 Nisbet, 1938) . The rates of synthesis reported here may therefore be closer to the rates occurring in vivo than is indicated by 12-41 %. Moreover, it has been shown that long-chain fatty acids in milk fat are derived to a considerable extent from plasma lipids. This topic has been reviewed by Folley (1956, pp. 93-96) and Fritz (1961) . A degree of uncertainty therefore remains about what fraction of the total milk fat must be accounted for in terms of synthesis within the mammary gland. Long-term changes in the rate of fatty acid synthesis (Fritz, 1961) involve changes in the activities of acetyl-CoA carboxylase and fatty acid synthetase (Gibson & Hubbard, 1960; Numa et al. 1961; Korchak & Masoro, 1962) . Changes in the rate of fatty acid synthesis that occur in less than 24 hr. cannot be accounted for in terms of changes in the activities of these two enzymes (Korchak & Masoro, 1962) . Such 'short-term' changes are probably mediated by end-product inhibition (Tubbs & Garland, 1963; Bortz & Lynen, 1963) . The results shown in Table 2 suggest that the activity of the citrate-cleavage enzyme may be another factor that controls the long-term changes in the rate of fatty acid synthesis. This is confirmed by the finding that the activity of the citratecleavage enzyme declines on starvation and increases rapidly on re-feeding with diets high in carbohydrate (Kornacker & Lowenstein, 1963 Vol. 93 387 liver preparations varies widely, depending on the nutritional state of the animal. It is depressed tenfold during starvation, and can increase by as much as 100-fold on re-feeding. The same ratio is approximately three in the high-speed supernatant fluid prepared from lactating mammary gland. 2. The rates of citrate incorporation, but not those of acetate incorporation, are more than sufficient to account for the rates of fatty acid synthesis that occur in intact liver. Together they are almost sufficient to account for the rates of fatty acid synthesis that occur in intact mamnmary gland.
3. The role of the microsomes on citrate incorporation is complex, three distinct types of behaviour being recognizable. At very low concentrations microsomes have no effect or inhibit, at intermediate concentrations they stimulate, and at high concentrations they inhibit precursor incorporation.
